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Reference: XR 880/2

I . §_UMMA.RY 0

The thermodynamic functions - (F© - HJ)/T, S°, G,°, log Kf° in the
temperature range from 300 to 2000%K. are given for the following molecules:=

F, F,, HF, C1F, BrF, BF, BeF, F50,
NF3, FF3, AsF3, ClFs, BFs,

SiF), SFg,

CF,, COF2, CoFg.

A series of important equilibrium constants have been calculated.

II. NOTATION.

ro = nuclear separation, bond 1e13§th (in the zero
vibrational level), (4 = 10™° cm.).

B = rotational constant (cm"l).

I = moment of inertia (1040, geom?),

@ = vibrational frequency (cm™)., In polyatmoic
molecules the degencracy is added in brackets.
xw = anharmonicity constant (cm™ ),
v = vibrational guantum nunber.
v = value of eléetropic term (cm™),
s = symmetry nunber,

M = moleccular weight.

Pp = statistical weight of elcctronic state.

10"18

= dipole moment (Debye Unit = Co Bty )o

P = (partial) pressurc (atm.).
(¥)

8° = (virtual) entropy, not containing contributions
from nuclear spin (Sy) and isotope mixing (Spiy).

-(F°-H3)/T = freec cnergy function,

Cg = molar heat capacity.
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AH enthalpy of reaction.

I

AHfC= enthalpy of formation from elements in their
standard statcs,

= dissociation encrgy.
equilibriumn constant.

= equilibriun constent of formation,

e ﬁfd‘x w)

= universal gas constant,

L=
]

temperature (%K.).

III. INTRCDUCTION.

Recently the chemistry of fluorine compounds has become the object of
increased interest (1,2,3), mainly beccuse of the possible technical
opplications of such compounds. The thermodynamic functions of certain
fluorine compounds have therefore been cilculated and from these, equilibrium
data for various reactions of technical interest have been obtaincd.

Some of these data are toaken froam the literature, Additional data have
?een ca%culated from spectroscopic results oy well-known statistical mcthods
Ly5,49).

As the main interest lies in the region below 2000 or even 1500%K, it
has been thought sufficient to use the modcl of the harmonic oscillator
and rigid rotator ('HORR-approximation') in these calculations for molecules
in the perfect gas states Vibrationnl contributions were calculated from
Wilson's tables (cfel)s :

IV, SPECTROSCOPIC, MOLECULAR AND THER:OCHEMICAL DATA.

The proctical limit to the accuracy of the calculated figures is set by
the accuracy of avoilable spectroscopic, molecular and thermochemical date.
Thesc data ore reviewed in the following sections; thus an estimate of the
accuracy of the theramodynonic functions in the appendix is easily possible,

1, Atomic fluorinc, F.

aApart from the ground state 2P3 o with Pro = L, the first excited state
zi%{z at ¥g = 407 cn™l is olso tokén into account.  The 4P5/2 state has no

influence below T = LO00CK,

lurphy and Vance (7) represent thc free energy function of atoaic
fluorine by the formula;:=-

-2 -
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~(F° - HJ)/T = a/T + blogT + cT + dAT® + i
Wl & = e bke75; b 5 kBl ok 10:38 00T G = =Tl 70l I8
i = 22,5832,

This formula gives satisfactory results up to about 2000°K, which agree
closely with the figures of Table I, The contribution Sy = 1.377 for
nuclear spin & is not included in these figures,

-

Equilibrium constants of formation of atomic fluorine according to the
equation

JZ‘FZ + B

have been calculated with the enthalpies of formation AHfg (F) = +20 and
+16,2 k,cals. (see below).

2, Fluorine, Fo.

The ground state is % , point grouwp Iy, Pggp =1, s = 2. Electron
diffraction measurcments (38) give the nuclear equilibrium distance
To(F-F) = 1,435 * 0.01; from this, ry = 1.45 is assumed; this gives a
moment of inertia of I, = 33,16 in fair agrecment with (7).

Apart from less rcliablc data c.g. Born-Haber cycles for the lattice
cnergy of fluorides according to licyer-Helmholtz, there has becn recent
experimental evidence (9) for a low value of the dissociation cnergy of Fo
viz:=

D(Fp) = 28HEI(F) = +32.4 kecals,

from a spectroscopic determination of D(FCLl) and a valuc of AHf(FCl) =
-15.,0 kecals, 4 second new value AHF(FCL) = -11,6 kecals. (rof.20) gives
Do(F2) = +39.5 kocals,

A low value of this order is supported by various thermochemical
arguments, cf. (6), (26)s EBEquilibrium constants Kf° for the formation of
atomic fluorine F arc given in the appendix with the two values

HfQ(?) = 1642 and ~20 k,cals., since the previous value D(Fp) ™63 k,cals,
is not supported by direct measurcuent.

The vibrational frequency of Fp in the ground state is not known for
certain. Together with unknown upper states it may be the main source of
error. Galc and Monk (10), who could not detect a limit of convergence in
absorption as far as A4L100A (V69 k.cals.), made an anolysis of Fp bands

be@peen.lBlOO and A7200A in emission, Structurec and intensities indicate
o “3-~Il transition with

V= 17438,8 + (1104 9v' = 2,9v'2)= (1071.5v'' = 9,9v''2)
Iy = 34.2; r8 = 1.48; I5' = 26,0; ry' = 1,28

/Although
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Although this system probably involves only upper states and shows
perturbation, both vibrational frequencies have been wrongly used at times
for the ground state of Fo (cf. 11).

Murphy and Vence (7) derived an cpproximate velue of @ by means of
Bodger's rule (12),  With the old valuo Te = L.45 they obtain w, = 856 om™t
whereas the new r, = 1,435 gives w, = 892 and 1062 cm™— from the rules for
rows and columns of the periodic téble respectively (cf. 8)., From a
comparison of the vibrational frequencies for Iy, Brp, Clo (efy 14, 35) in

the ground state ' Z* and 8 stablc upper states:-
g

b % 3_+ 3 3 4 i

Moy g 5 T 5 "B 5 Mg 5 28 5 Magg s g
onc finds that llasgls the only upper stote in which wg is greater than in
the ground state, cnd r ™( ~1/be§psmaller. If' this is'alse true for B
then Gole and Monk's spectroscopic reosults indicate that in the ground
state of F, the vibrational froguency is not smaller than @~1070 cm™L,

)

Owing to the lack of data this frequency wg = 1070, supported by the
above result from Badger's rule, is used in the following calculations.®
w~1130 quoted in (11) would couse only a minor difference,

From any of these values of w, and the low valuc of D(Fg) a high
anharmonicity x, w, must be expected; this is in agreement with an
argunent by Walsh flj) on possible repulsion between bonding ond other
orbitals in molecules made up of sunll ond highly cleetro-negative atous,
An approximte velue for X w, can be derived by epplying the rule (14).

3 i LN
m xoweron = const, o™ = reduced mass

in the series of halogens, viz., xg; Wg ~20 em_l. Linecar extrapolation of -

vibrational levels to their convergence linit (45):-

which gives too large values for I, and Br s but only slightly too lcow for
Clp, yiclds Do(Fz)ﬁlm)k.eals. in agrecenent with the values given above,

No anharmonieity nor upper clectronic states are towen into account

/elthough

» Recontly (43) a Rozn shift g= 892,1% 2 ca™ has been found in Fo
and accepted as its fundazental frequency. This gives w, ~920 ok
and results in thernodynamiic funetions which are interncdinte between
those of ref.(7) and the prescnt values of Teble I,

- l'. -
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although the lovels and structures of the first excited states of Fp may
differ from those of the other halogens,

3, Hydrogen fluoride, HF,

The molecular ground state is 12+ Upper states which must be high

arc not known. For molccular and spéctroscopic data (cfe 15) Wy = 4050.4,
Xoo = 90.9; B, = 20,542 giving To = 0,917 and I, = 1.362.

The thermodynnmic functions arc those by Murphy and Vance (7) with
slight correcctions for the new valucs of the universal constants.

Equilibriun constants Kf° have been caleulated with the new value
(17, 27) MHEQ(HF) = =6L445 kecals. With the now D(F2) = 40 or 32,4 k.cclse
this corresponds to D(HF) = 136,1 or 132,3 kecols. and to the clectronegotivity
difforencos (24) Xgp = D(HF)~ [D{H2).D(F2)]Z = 72.7 or 75.3 kecals. in

agreemnent with the high dipolc noment g= 1,91,

4, Chlorine mono fluoridec, ClF.

Wohrhaftig (19) and, morc rccently, Schuitz and Sghumacher (9) have
analysed the absorption spectrum, The ground statc is I and a
perturbation of the vibrational levels is explained as pre-dissocietion
(1imit ~60,8 keccls.)e By comporison with ICl and IBr spectra, Wahrhaftig
concludes that the upper state is Y. The vibratiomal amnlysis of (9),
(19) is bascd upon the three most distinct bands at »21000cm™ and incluging
subscquent diffuse bands, the convergence limit is obtained at 21500 ca™
( 61,4 kecals.)s The state of the P atoms formed in dissociation has not
bgon cstablished; but if we assume that the F-atcoms are excited
(( %{§ 1.1 kecclse) the dissociation encrgy of C1F into normal atoms is
D(F

6045 kecals,

It might be that the band system actually involves transitions from tho
v'= 1 ground state lovel instead of the v’ = o, and this connot dcfinitely
be excluded by ocpplying the Franck-Condon principle to Morse=-curves
constructed from the known data, In the casc of v/’= 1' the valuc of Dy(CLF)
Wwould be increascd by 2.3 kecals.; altogether, D(FCl) would not be higher
thén 6k kecols. and D(Fo) not higher thon 45 kecals. Comparcd with the
availoble experimental evidence, Wickg's (58) reccent argument in favour of
D(Fy) = 63 kecols. is not convincing.™ The data for the two states of CLF is:=

Inn

i+
X Zg.

oz}
o
1

0.518; ag = 0,006; wg = 79342 (78044); %% = 9.9 (4.0);

1.625; W5 = 783 (776); T, = A#b30; I, = She35

H
1}

A'ME B, = 0.327; o, = 0,0l w, = 313.5 (316.4); %9 = 2,22 (11.8);

I

= 1.92; wo = 311 (305); r, = 1.93;

H
@]
{

/Volues

¥ Recent infre red and Romon studies (62) confirm the cbove frequency of
the ground state of C1F and therefore support the valuc D(FCl) = 60,3 kecclse

-5 =
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Values in brackets are from (9)s The micro-wave spectrum of FCl (28) agrees
excellently with Wahrhaftig's rotational analysis. Wells (56) calculated
r(FCl) = 1.62 from Shomaker & Stevenson's (59) law for bond lengths. The
dipole moment (28) is W = 0,88 in agreement with a certain amouni of ionic
contribution to the bond energy, xpg; = D(FC1) -[ D(Fp).D(Cl,) ]2 15 k.cals.

Thermodynamic data have been calculated by Potter (29) in the HORR
approximation up to 2000°K, from Wahrhaftig's date with corrections for the
isotopy of Cl. These data are given in the appgndix; they do not contain
the mixing term for isotopy Spjx = 1l.109. The I state has been neglected
singe, even at 2000%K, it has only a minor influence on the thermodynamic
functions, The correction for isotopy is of a bigger order but still
small,

Equilibrium constants Kf have been calculated with the two values
AHgic.(FcL) = =11,6 and -15.0 k.cals. = AHfO (FC1)

according to (20) and (9) respectively, since a decision between these two
values is not possible at the moment. Perhaps a comparison of the two
theoretical temperatures in the reaction Cls + Fo o 2C1F, corresponding to
the alternative valucs AHfg(Fﬂl), with an exgerimentally determined one,
could settle the dispute. 4 third value MIfy _ = -13.9 k.cols. is obtained
by the combination of AHf(NaF) = -138,2 and ARE(NaGl) = =99.8 k.cals. (55)
with the enthalpy chonge AH = -24,5 k.cals, (9) for the recction

NaCl + C1F =+ NaF + Clo

At the time of this investigotion Ward and Hussey (57) published
thermodynomic functions of FCL from 2000 up to 5000%K. colculated with
Wo = 7735 Iy = She35 by the HORR approximation, and, including the

I state (PE = 6). Their equilibrium comstonts are based on
AHFQ(FCL) = =15.0 kecals.

5« Bromine fluoride, BrF,

Vibrational analysis (25) gives w, = 665 and X, = 3 for the 'Z’

ground state. As o rotational analysis has not been made, the valuegro =
1,85 is used, calculated from bond radii (24) ® which gives a moment of
inertia I = 87.23.

The thermodynomic functions in the appendix do not include upper states,

correction for the anharmonicity of vibration or the effect of isotope mixing,
The error thus incurred is probably not serious.

/The

# A rece?§ micro-wave cnalysis (63) gives . = 1759 and I =76:505
for Br!-PF, This corresponds to Iy = 79,0 and requires a reduction
of the values for S cnd (F) in Table I by 0,199 units,

G
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The energy of dissociation is D(BrF) = 50,3 or 59.9 k.cals.(25) depending
on whether F or Br is the cxeited one of the dissociation product. If we
discard the second value, then, according to the valuc of D(F2) chosen, we
obtain AHfg (BrF) = 7.6 or =1l.4 kecols, The first value, corrcsponding to
D(F,) = 40 k,cals, has been used in caleculating the equilibrium constants of
foraation.

6. Boron mono-fluoride, BF.

- o -

The ground state is e (44) in contrast to the carlier assignuent an (15),
thercfore PEO =y s L

ro(B-F) = 1,30 is uscd (50), whepeas ro(B-F) is cqual to 1,29 in BF3
and = 1.32 in BF in the hypotheticeal "I state; thus I = 19.34.

| Bibliography (44) gives also wg = 1400, instcad of the pfcvious value of
131k and weX, = 12, The first cxcited state is at 51083 om — ( ~147 kipdlsy)
so that it neced not be token into account below 4L0007K,

The previous value (45) of thc bond cnergy D(BF) ~105 kecals, is probobly
incorrcct,  Lincar Birge-Sponcr cxtrapolation gives ~ 140 kecols, which is
o.lso the order of the average dissociction cnergy of BF bonds in BFj. The
enthalpy of formation is

AHfg(BF) = AHfg(F) + AHEQ (B_..) - D(BF) w~115-D(BF) ~=25 kecols,

gas
whercas (18) gives -18 k,cals.; the former valuc is used in the calculation
of cquilibrium constonts, The valucs of the thermodynomic functions of BF
are given in the Appendix; they do not include the mixing term S_._ = 0,989
and the influcnce of isotopy on I and ® is omitted siice this data™1s not of
high cccuracy. The thermodynamic functions of BF, which are pubt forward by
Ward and Hussey (57) for the temperaturc ranges 300-2000°K, and 2000 - 5000°K,
respectively arc incorrcct since they iwply a1l ground state.

7. Beryllium-monofluoridc, BcF.,

2
(Q1se. 520 ~8 ' 8 Ppg =1, 8 = 1, r (BoF) = 135,

Moleccular data R
= 18.70. i

(Do — 125605, Io

HfO(BeF) is not known, D(BCF) is very uncertain,  Lincar Birge-Sooner
extropolation of vibrational data gives D(BeF) = 102, whercas Herzberg (15)
records ~#125 K,calse - From thermochecmical doata and average bond cnergies in
BcF, the valué D(BeF) ~145 kecals. is obtoined as an upper 1limit. It moy
be Thot the first bond in BeP, is stronger that the scceond onc (cf.54) so
that Herzberg's figurc would Be of the right order. In view of this un-
certainty no values of Kf° have been ealculated.

8, Fluoring wcnoxide, FpQ.

The thermodync.aic functions given in Appendix arc thosc coleculcted by
Potter (29) with the molecular dota:-

-7 -
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13, Oy Py =1, S = 2,0, = 833, 492, 1110 cu™, r,(F-0)
A

= 1.41 * 0.058, angle FOF = 100 * 5%, I, = I + 1= 83,95

I = 73,59, I, = 15.35.

Probably the value rEO-F) = 1,41 is too high (57); the lower limit would
result in values of (F) and S which are smaller by 0,216 than those given
in the Appendix,

Equilibrium constants of formation have been calculated with the enthalpy
?f gormation AHfg(OFZ) = +6,08 kecals, which is the most probable mean value
29).

9¢ Tri-fluorides of the 5th group of the periodic table, XF;.

The ground statc is'3 ; point group C3 (pyramidal), Pgg = 1, S = 3.
Spectroscopic and molecular data (in generaX CR SN2 LE.

Molecule] Bond Anglc FXF | Moments of Inertia Vibrational |
__J1 Lengths A5 Frequencics
NF3 1S 4 D 25105 19 6 195 6 420(2), 505(1),
908(1)
EF; 552 den SilTes 307, 107 486(2g, 531(1),
840(2), 890(1)
AsF; io/1a 100 216,9, 142,8, 142,8, | 274(2), 341(1),
X172 ) (220), (Au5), (u5) | 6u4(2), 707(1)
SoFs | (1,95 ) |  (105) (620)
BiF3 | (2,1 ) (110) (550)

Thermodynamic functions for NF, have been calculated with r(N=F) = 1,3k

(26)s The distances r(F=N) ="1,37 or 1l.45 (ref.57) would increasc the valucs
of (F) and S by 0,12 or 0,57 respectively. AHJ . (K'5) = -27.2 kecals,
from (18) gives AHfg (NFB) = =26,0 kecals, with :ﬁo’ﬁrosont data, Earlier
data for PF, arc by Stevénson and Yost (30) and our slight differcnces are

due to the Use of reviscd physical constants. AHfgLE? ) = =227 kecals, from
a comparison of bond cnergigs,  AsF; is 10Q» ionic FAS%Z (31)¢ Thermodynamic
functions of AsFs at 298,16 K, arc gévon in (lg)'which agree with our om

data, SETE e = =018, 3 (1B) pives AHfo(Ast) = =217 k,cals, This
valuc and r(isF) = 1,712 (31) have been used in the”calculations., The data
for SbFy; and BiF3 arc nct adequate for therzedynamic calculations, AHfg(SbFB)
~ =205 é.cals.

/10,
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10. Hexa-flucrides of the 6th group.

The ground state is 'z , point group O, Prg = 1, S = 24;
I, = Iy = I, = I. Molecular data (11, 22,23,52).

Molecule} Bond Moments of | Vibrational —AHf? SO9 L
» Length Inertia Frequencies m:iaﬁlf : 2 a f_‘_’ '
SFg 1e57 305 363£3g,61723g,5258), 262 6946
645(2),775(1),965(3)
SeFg | 1.68 349 &sézg,%l?;,uos@g, 246 751
N A SRR 1T R SO 1 1 5%
TeF; | 1.83 115 165 8,370?3,313(3), 315 80.8
671.(2),700(1:752(3) :

Meyey and Buell (51) have calculatcd the thermodynamic functions of SFg botween
600 and 5000°K,: their data is fitted by:

&

O

Cp = 3741 + 0,0876 x 10" ¢

i S I8 10 e b

For the formation of SFy from Sp(g) and Fo(g) they give:

(¢}

-271,800 - 11,33 x T x InT + 1,678 x 10"3T2 +EACE 9N 105 X T--:L + 1¥l.2 x 0
18

AR
pH°

Lol NG = 10555 x. T = 1678 % 1012 BT » 12785 207 0t

I

Schumb (41) gives some thermochemical propertics of SFg at low tomperatures.
In the above tablec the - AHf's and S's at 298.16%, arc taken from (18). The
valuc of 8298.10 for SF; comparcs well with the figure given in the Appendix
(cf.53 for experimental values). The value Gy (SF¢) = 21,57 at 298,16 as
given in (18) is too low and the C?, valucs from (51? agree very well with the
prcscnt calculations.

11. Boron trifluoride, BF3.

Ground state g, point group D h (planc symmctrical), Pgg = 1, S = 6.
r(B-F) = 1,29, FBF = 120°, I, = 158? I = Ig = 1,/2 = 78,9, vibrational
frequencies (22,23)w = 886, 700, 1450(2), 480(2). The thermodynamic functions
(F) and S arc taken from (42), the wmixing term for isotopy is not includcd.
According to (18), AHfgge.ls(BF3) = =265.,4 which gives AHfg(BFj) = =267,0
kecals. and an averagce dissociation cnergy of BF bonds of ~lLO k,cals,
Instcad of Kf° tho cquilibrium constants for the rcaction BF3—BF + Fp
have been calculated with &H = + 242 k,cals. Bibliography (57) cvaluatcd

's for the rcaction BFz ~BF + 2F with AH = + 355.0 k,cals. whercas our
new Mf valucs lcad to “AH = + 282 k.cals.

/12,
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12, Chlorine trifluoride, ClFs.

The moleeular ground state is assumed to be 'S with Pp, = ls Recently
(21) the infra-red and Raman-spectra of ClF: have been inveéstigated but no
analysis was made in view of the complex chiracter of the bands due partly
to molecular association in the licuid phase (9, 21). Another specctroscopie
investigation (32) gives the following information:-

Wy = 508; Wph = 75095 = 316; w, = L428; mean moment of inertia

iob

I = 130 with an estimated crror of about 1G% .

These frequencics were used in calculating the thermodynamie functions
of ClF;, A pyramidal C. _ strueture was assumcd in agreement with the
appearance of L Raman acélve frcqueneies and_the existence of the dimer =
possibly F Cl-ClF (with contributions from F g; %F ) in agrcemunt with the
low heat o% polymerlsatlon (33). The anglc FCIF was assumncd ~110° amd
ro(Cl=F) = 1.63 i.c. the same as in C1F, although this lcads to thc rather
high moments of inertia I, = 225, Ig = IC = 122,5, I = 150,

The following values have becn quoted for the hcat of formation of
C1P, at 298,16%K: =42,0 £ 1,5 (33), =-37.1 (32), -2B,L kecals, (27). The
meali value Hf3(ClF3) = =36 keeals, was used for ealculating equilibrium
eonstants, )

15. Silieon tetra-fluoridc, SiFl.

The ground state is g ; point group Ty, PEO =Xy 8 = 12, Tetrahedrel

angles FSiF = 109° 28° and nuclear distances r,(Si-F) = 1.54 (39) give the
moments of inertia I, = = (8/3)(MF/N) = 199.5 (N = Avogadro number),
The vibrational frequeneiés ( 28 23) are:= w= 800, 260(2), 1022(3), 420(3).
Earlier values (18, 40) of S at 298,16%K, are somewhat higher than our valuc.
It is not known whother thesc earlicr values inelude the mixing term Sp ;. =
0e 304, whieh is not eontained in the figurcs given in thc Appendix, In
ealeulating the equilibrium constants AHfO(Sth) = =373 k.cals, has been
used (cf, AHfz9a-1c =370 keeals in (18),

14, Carbon tctra-fluoride, CFA.

The ground statc is 12, point group Tg, Ppg = 1, S = 12,  No upper
states need be considcrcd beccouse of the abscnce of absorption in the near
ultra-violct,

Tetrahedral angles FCF = 109O 28! and bond distances r(C-F) = 1.36
give the moments of inertia I = 15L4.8, The vibrational
frequencies (22,23) arc:= w= 90k, 437(8), 1265(3), 630(3) (ef.3l4 for force
constonts),  The C-F bonds are moinly covalent but therc is some rcsonance

-+
with FCF (24) The enthalpy of farmation has been amendcd from =164
(21, 18) 0 CF, ) = =231% 3 k,cals, (27) and this valuc has bcen uscd
as AHf in C&lcuiatl the equilibrium constants, The entropy figure at

/300%K,

0 =
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300K, ogroes well with that given in (18).

15, Carbon=-oxyfluoridec, COF,.

The most probeble structurc is 2, point group Coy, with Ppy = 1 and
S = 2 as in COCl, ond COBrp. FCF = 1150 r (c-o) - 178 éna v %8-F) = 156
have been assuned and these give I, = 75. 89, = 85,47, Ip = I + I
161,45, It may well be that r(C-F) is as small as ~1, 32 or| e smaller,
as is suggested by comporing r(C-X) in the scrics COX o, (x = €1, Br) with
the normal bond length r(C-X). As this proccdure is open to criticism the
average r(C-F) = 1.38 has been preferred.

Recontly (35) infra-rcd and Raman bands of COF, have been communicated
but no analysis was madc, The following six froquon01oi have been used in

the calculations, ® = 580, 626 775, 965, 1249, 1941 cm The centhalpy of
formation wes taken as AHfO(COF ) = <150 k,cals, in good agrcement with the
experimental value of (27). This corrcsponds roughly to the same value

D(C-0) ~ 158 kecals. in COF, and COCl, calculated from average bond encrgics.

16. Héxafluorooth&no, CoFge

The structurc is cither staggered D q % cclipscd Djh'both having the

symnctry number S = 6, 5
The vibrational frequencics and their assignnent are (36) w 1420,
02 = 509, ng = 39, g < T, b = Tlk, 07 - 1250(2), wg = 523(2),
= 216(2 w 337(2), = 620(2), 380(2): (forcc constants

afi 3h)e Tho orslonDl frcquoncy'wh_ls not Enown, sincc it is inactive in
both infra-rcd and Roman spcctrum,

Unfortunatecly the bond distances arc not known with accuracy.  The
normol distances r(C-C) = 1.54 and r(C-F) = 1.36 (24) hove been found to give
vibrational frecquencics for the Urey-Bradlcy ficld which agrec well with the
cxperimental oncs (46). This mcthod, howecver, docs not include the intcraction
of thc two CPF: groups. According & (47) the distences r(C-C) = 1.45 (37) | .
and r(C-F) = 1,35 arc not in very good agrcement with magnetic mcasuremcnts
on the solid crystal. An cven saaller r(C-F) (48) would however iuprove this
situation,

Tetrahedral angles FCF = 109° 287 hove beon assumed, r(C-F) = 1,35,
r(C-C) = 1,45 in cgrecaent with (37), giving I = 30647, = = 435454
The normol values of r(C-C) = 1,54, r(C-F) = 13 Az6 would gite (38) = 311.2,
= I, = 62,4, whercas o Gerhard & Dennison extrapolation of msﬂsurpnonts

on the @, P and R branchcs give I = 96, Iy = I = 401 which arc obviously
too low,

The contribution from thc intornal moveaent about tho C-C oxis depends
on whether this movemnont is & torsional oscillation or.a free or hindercd
internal rotation, Since no spectroscopic nor oalorlnotrlc neasurcuents
arc avoilable we can only cstimntce this contribution. It will be assuncd
that there is an interncl rototion restricted by a potential barricr of
cstimated height V. ~ 3500 cals. The rcduced moment of incertie in internal
rotation is = I,/4 ~76,7 and the symwctry number S = 3, corrcsponding to
3 oquivulont pogitions of thc two CFz groups rclative to cach other, With

= 3 equal and cquidistant moxina, %ho potential V ~ 3,5 ke.cals, corrcsponds
to the torsional frequency wy = (n/27r)(V/2I )2 w~75 ca™l,  In the

/following
= 1T =
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following table (cf. Appendix 3, Sec.VIII) the contributions from this
frequency (v) are compored with those for free (f) and restricted (r)
internal rotation, the latter incremergg being calculated from Pitgzer's
tobles (cf, 51) with V = 3500, and 10~°x ng/irV = 063350

As an cpproximation the problem is treated as an equilibrium between
the oscillating staggered D_3 form, which clso occurs in the similar C,Clg
molecule (38), and the form gaving restricted internal rotation, viz:-

CoFg(Dzgs0sc.) = CoFg(rote); K 5[ CoFg(rot.)] / [OpF(0sc.)] = X/(I-X);
X = [CoFg(rot.)] = K/(X + 1) and
RInK = (F)r - (F)v = AHY/T; AHS = V/2 -wp/2 = 1650 cals,

The corresponding values of K and X arc listed in the last colum of Table 3.
The thermodynamic functions of CoFg in the Appendix have been obtoined by
combining the functions of the two forms according to their molar fractions,
In view of the general uncertainty of thce other data this procedurce was
thought satisfactory, although, strictly speaking in the transitional region
onc ought to caleulate (F) ctc, from the partition function with cigen values
of E,. from the wave-cquation (Mathicu cquation),

The old valyc of AHf(CoFg) = 240 kecals, (18) is dofinitely wrong,
7ith the new AHfo(CF#) = =251 kecols, thc approximate valuc AHfJ(CoFg) =
=315 kecals, was derived by using average bond encrgies D(G-F) = 107, and
D(C-C) = 67 keccls, according to the shorter bond in CoFge

V. DISCUSSION OF RESULTS.

2l The cquilibrium constaonts Kf° of formation of F and HF replace
carlier crroncous data (60). F, and HF arc morc dissociated at high
temperaturc thon previously assudied, sbove 1500-2000°K, fluorinc should
behave aos a monatomic gas.

24 The final rcaction temperature of the process

which was uscd (20) to determine AHF(FGL), is 1660 or 2080°K. depending on
whether MfO(FCL) = =1le6 or -15,0 kecals. respectively. at the higher
temperature dissociation of FCl into atoms amounts to ~2 per cent at 1 ata,
Pressurc,

3., apert froa dissociation, the formation of CLF,; may have influenced
Wicke's (20) measurcment of AHfP(FCl) to an cven larger cxtent, cspecially
if - AHf(ClF;) is larger thon +36 kecals,, the figurc accepteds From this
it cppears that - AHFO(CIF) = +11.6 may be slightly too low,

he at tempercturcs below 800-900°K, the formation of NF is

thernodynamically possible.  apporently kinetic conditions ak¥e unfavourcable,
an obstacle, however which might be overcome as in the synthesis of ammonia.

/5
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5. CF) and COF, are formed easily from F, and either C (solid) or CO.
Under comparable eonditions CF# is the major product.

6. The equilibriun constants for the recactions:-

O

CO + ZHF = OOF, + Hy ; oy = +6,20 keoals,

=9,11 kecals,

COFp + 2HF = CF) + Hy0;  AH

"6.76 k. C&lS 'Y

CF) + 2H0=C0p + LHF;  AH

O O O 00

COFy + Ho0 = COp, + ZHF;  AH, = -15.86 k.cals.

o

are given in the appendix; these equilibria eorrespond to the water-gas
equilibrium in the oxidation of hydroearbons.

7. Both thc equilibria

Cyo1ig + 4HF  CF + 2,5 AHg = +27.0 k.eals,

and

(o]
c + P03 CO + Fo» COF,; AH. = =33,28 and =156 k.cals.res
solia = 2 2 2> %% o

behave rather differently froan the corresponding rcaetion
Csolid + HzO —p CO + H2 = HZCO.
8. The equilibrium constants for thc reaetion

2CF), = CoFg + Fp; AHg ~+l47 k.cals,

show that this reaction oceurs to a very small extent in eomparison with the
hydrocarbons.

9. The spceial behaviour of most of the equilibria undcr (6) and (7)
together with those of thc rcaetions

(o]

CF)-I- + 02 =3 002 + 2F2; AHO +137003 kecals,.

(o}

CF), + 20p = CO + 2Fy ; AH_ = +203.80 k.cols.

might oxploain some of the pceularitics of the eombustion of organie fluorine
eompounds, us a practieal rcsult it con be eoneluded that the lower per-
fluorinated paraffins arc reasonably stable to dry oxygen up to foirly high
temperatures but may rcaet with Hy, or HpO,

&
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